Abstract: Excitation at the 1700-nm window is an effective means for extending imaging depth and imaging modalities in multiphoton microscopy (MPM). To enhance multiphoton signal levels and enable deep-tissue penetration, water immersion has to be replaced by deuterium dioxide (D 2 O) immersion to boost transmittance at the 1700-nm window. The key problem facing this D 2 O immersion technique is the hygroscopic nature of D 2 O, which leads to decrease of MPM signals as time lapses. Here, we demonstrate a simple, yet very effective technique to isolate D 2 O from the ambient environment, by sealing it with the paraffin liquid. We demonstrate the application of this technique to MPM signal maintenance in both three-photon fluorescence generation in a fluorescent dye and third-harmonic generation (THG) imaging of biological tissue, excited at the 1700-nm window. Ex-vivo imaging results show that during an imaging session of 5 h, multiphoton signals of both modalities can be maintained with no deterioration due to absorption of water vapor from the environment. Furthermore, we demonstrate in-vivo deep-tissue mouse brain imaging using this technique, in which THG signals can be maintained for at least 5 h. This justifies the applicability and effectiveness of our D 2 O sealing technique for long-span in-vivo imaging.
Introduction
Multiphoton microscopy (MPM) based on nonlinear optical effects and involving interaction of multiple photons with the sample simultaneously, has found numerous biomedical applications [1] , [2] .
Two of the mostly focused research trends in MPM are: To boost the imaging depth for accessing deeper regions in the tissue non-invasively, and to extend the imaging modalities to reveal more structures at the same time to get more and complementary information about the sample. These two trends have benefited remarkably from laser development. Recently, it has been demonstrated that excitation at the 1700-nm window, using high-energy soliton laser sources, enabled MPM in the mouse brain in vivo with unprecedented depth [3] , [4] . Besides, due to the even longer excitation at the 1700-nm window compared with the commonly used Ti: Sa output laser wavelength, secondharmonic generation (SHG) imaging, 3-photon fluorescence imaging, third-harmonic generation (THG) imaging, 4-photon fluorescence imaging, fourth-harmonic generation (FHG) imaging, and 5-photon fluorescence generation have all been experimentally demonstrated [3] - [8] . As a result, excitation at the 1700-nm window has emerged as a promising and versatile technique for MPM. High numerical aperture (NA), immersion objective lenses are typically used for MPM. Immersion matches the refractive index of the sample to that of the immersion medium to minimize aberration. In brain imaging, water immersion is typically used [3] , [9] , [10] . While in skin imaging, oil immersion is demonstrated to better match the refractive indices [11] - [13] . Our measured results indicate that, although the thickness of the immersion medium is tiny (on the order of mm), the absorption at the 1700-nm window is nontrivial and can further lead to order-of-magnitude reduction in multiphoton signals due to the nonlinear dependence on excitation power [5] , [13] . So we proposed using deuterium dioxide (D 2 O) instead of water (H 2 O) immersion when water immersion is to be used, and excitation wavelength within the 1700-nm window to be carefully selected when oil is to be used [3] , [5] , [13] .
So far, deep-brain imaging excited at the 1700-nm window has been achieved exclusively with D 2 O immersion [3] , [4] . Although the absorption coefficients of D 2 O is an order-of-magnitude smaller than H 2 O at this window, however, the problem is that D 2 O is hygroscopic [5] . This means D 2 O will absorb water vapor from the ambient environment, which leads to degradation of the transmittance of the excitation light and as a result, a decrease in multiphoton signal [5] . This is especially detrimental for probing temporal dynamics based on fluorescence intensity detection, such as photobleaching of fluorophores [14] , and labeling and clearance of fluorophores in biological samples [15] , [16] .
To avoid hygroscopy of D 2 O, the easiest conceivable way is to replace D 2 O from time to time. However, this is cumbersome due to the following reasons: (1) The previous contaminated (by water vapor) D 2 O has to be removed carefully and totally before adding new D 2 O; (2) During a long imaging session, such as a brain MPM which could last ∼5 hours, D 2 O has to be replaced ∼9 times as 3-photon signals could drop by half after 35 mins (results shown below), which is rather cumbersome. Even so, temporal dynamics based on fluorescence intensity measurement with a time constant on the order of tens of minutes cannot be investigated this way, as a separate decay constant has already been added due to water vapor absorption by D 2 O.
To prevent water vapor absorption by D 2 O and the resultant multiphoton signal decrease, here we demonstrate an easy to implement, yet very effective technique to seal D 2 O from water vapor, using paraffin liquid, which is well-known for its usage as hydrophobic and sealing material even for food [17] . We demonstrate the application of this technique to signal maintenance of two MPM modalities excited at the 1700-nm window. Ex vivo imaging results show that 3-photon fluorescence and THG imaging signals can be maintained for at least 5 hours with no sign of deterioration. Furthermore, in vivo deep-tissue THG imaging of the whiter matter in the mouse brain further justifies the effectiveness of this technique for long-span in vivo imaging.
Experimental Setup and Sample Preparation
Our multiphoton microscope system is similar to those used in [5] , [7] . Briefly, the 1665-nm soliton source consists of a photonic-crystal (PC) rod (SC-1500/100-Si-ROD, NKT Photonics) pumped by a 1550-nm femtosecond laser (FLCPA-02CSZU, Calmar) at 1 MHz. The soliton is generated through soliton self-frequency shift (SSFS) in the anomalous region of the PC rod [18] . After long-pass filtering, the residual 1550-nm pump was removed, allowing only the 1665-nm soliton pulse to be delivered to the multiphoton microscope (MOM, Sutter).
In our imaging experiments, a water immersion objective lens (XLPLN25XWMP2, Olympus) with 2-mm working distance was used. 3-photon fluorescence generation from sulforhodamine 101 (SR101) was measured by a GaAsP PMT (H7422 p-40, Hamamatsu) with a 630/92 bandpass filter. THG imaging of the white matter in a mouse brain slice was acquired by a GaAs PMT with a 558/20 bandpass filter. Image acquisition and processing were performed using ScanImage (Vidrio Technologies) and ImageJ (NIH), respectively.
Ex vivo MPM experiments with both sealed D 2 O (Cambridge Isotope Laboratories) and D 2 O exposed to ambient environment were performed for comparison, using the samples prepared as shown in Fig. 1 . For D 2 O sealing, first we stuck a rubber ring with 22 mm outer diameter, 15.8 mm inner diameter and 3.1 mm thickness to the glass slide with dental cement (see Fig. 1 ). The large inner diameter of the rubber ring facilitates a relatively large-area movement of the objective lens without hitting the inner side of the rubber ring. This is beneficial for in vivo imaging of biological samples, for example, when searching the white matter in the brain slice during THG imaging. During MPM, we took the following procedures: First we added 0.4 ml D 2 O between the front aperture of the immersion objective lens and the sample, for both the sealed and the unsealed sample. Then we dipped the front surface of the objective lens into D 2 O for immersion. Finally, to seal D 2 O, 0.4-ml paraffin liquid (Macklin) was immediately added to the top of D 2 O after dipping the objective lens into D 2 O, to isolate it from the environment (see Fig. 1(b) ). The density of paraffin liquid is 0.85 g/mL (specified by the manufacturer), smaller than that of D 2 O (1.11 g/mL). This means paraffin liquid will rest on top of D 2 O around the front surface of the objective. Both the smaller density and the hydrophobic property of paraffin liquid make it an ideal choice for sealing D 2 O from the ambient environment. The entire protocol of adding both D 2 O, dipping the objective lens, and sealing D 2 O with paraffin liquid can be done within 30 seconds. The room temperature and relative humidity are 19.8∼20.1°C and 47∼51%, respectively, during all experimental sessions.
As is pertinent for a long-span brain imaging, we also tested this D 2 O sealing technique in mouse brain imaging in vivo. Animal procedures were reviewed and approved by Shenzhen University. We used a female Balb/C mouse (24.7 g, 20 weeks old, Guangdong Medical Laboratory Animal Center) for imaging. Craniotomies were performed centered at 2 mm posterior and 2 mm lateral to the Bregma point, and the detailed procedures were similar to those in [3] . We performed deeptissue THG imaging of the same layer of the white matter in the mouse brain for a time span up to 5 hours, the same as those for ex vivo imaging. D 2 O sealing procedures were exactly the same as those for ex vivo imaging mentioned above. The prepared mouse sample with a rubber ring is shown in Fig. 1(c) . For in vivo experiment, we only performed THG imaging with D 2 O sealed, as deterioration of D 2 O when exposed to the environment can be exemplified in the ex vivo comparison experiments, and our main purpose is to justify the applicability of D 2 O sealing technique to in vivo imaging for a long time span. The reason why we didn't perform in vivo fluorescence imaging is that fluorescent labels will be cleared out of the blood vessels as time lapses, which leads to decay of fluorescence signals and cannot be differentiated from the contribution from D 2 O deterioration. In contrast, THG imaging has its endogenous contrast origin and the signal level will not degrade over time.
Experimental Results

Ex Vivo 3-Photon Fluorescence Imaging and THG Imaging w/o and With D 2 O Sealing
First we elucidate the problem of hygroscopy induced multiphoton signal decay as time lapses, without sealing D 2 O. With the fixed input optical power before the objective lens, both 3-photon fluorescence signals from SR101 (left column, Fig. 2 ) and THG signals from the brain slice (right column) will become dimmer due to the deterioration of D 2 O, revealed by the time-lapse imaging. There is the possibility that this signal decay is due to of photobleaching (especially for SR101). To rule out this possibility, we completely replaced the contaminated D 2 O with fresh D 2 O. After this procedure, the multiphoton signal levels immediately restored to the original values. Besides, during the imaging session, we only exposed the samples to the excitation light whenever the images were taken, using a mechanical shutter controlled by Scanimage.
To quantitatively evaluate the contamination speed of D 2 O, we measured the dependence of multiphoton signal on time, shown in Fig. 3 . Both 3-photon fluorescence (red circles in Fig. 3 ) and THG signals (green squares in Fig. 3 , calculated as the mean values encircled by the squares in Fig. 2) , show similar decay behaviors, despite different samples used and imaging modalities performed. After ∼35 min, both 3-photon fluorescence and THG signals drop to only half of their original values (at t = 0). This signal decay is even worse on longer time scales. For example, after ∼1 hour, both 3-photon fluorescence and THG signals dropped by ∼65%.
Next, we tested our D 2 O sealing technique by performing the same MPM modalities, with the sealing procedure detailed in Section 2. We monitored 3-photon fluorescence signals in SR101 before and immediately after sealing D 2 O with paraffin oil. The signals show no variation, indicating that this sealing procedure will not deteriorate MPM signals since paraffin oil only rests on top of Fig. 4 shows representative images acquired on much long time scales (up to 5 h) as compared to the images shown in Fig. 2 (up to 1 h) . The most notable difference compared to that without sealing D 2 O is, neither 3-photon fluorescence nor THG signal shows decay visually, which means multiphoton signals are maintained due to the sealing of D 2 O. Physically, this is due to the superb hydrophobic property of the paraffin liquid. The maintenance of the signal levels are proof that the signal decays shown in Fig. 2 are not due to photobleaching.
We further quantified this multiphoton signal maintenance by measuring the dependence of 3-photon fluorescence in SR101 on time, with D 2 O sealed by paraffin liquid, shown in Fig. 5 . Sampled at 10 min intervals, the maximum deviation is 6.4%, and the root-mean-square (RMS) From  Fig. 5 , it is clearly seen that D 2 O is tightly sealed from the ambient environment, preventing it from absorbing water vapor. As a result, no deterioration of the transmittance performance at the excitation wavelength is observed for a long time span of 5 h. These results justify the effectiveness of our sealing technique. Although haven't tested for more than 5 h, we expect this technique will also be effective on longer time scales, as: (1) water vapor will not penetrate through paraffin into D 2 O; (2) D 2 O will not evaporate into the ambient environment due to the presence of paraffin, either.
In Vivo THG Imaging With D 2 O Sealing
Based on the ex vivo imaging results, we expected that this D 2 O sealing technique would be effective in maintaining THG signal levels for in vivo imaging as well. So we performed THG imaging of the white matter deep in the mouse brain in vivo. Fig. 6(a) shows representative time-lapse THG images of the white matter, lying 880 µm below the surface of the mouse brain. From these THG images we can see that the signals do not degrade over time. We also performed quantitative analysis of the time-dependent THG signals (see Fig. 6(b) ) encircled by the squares shown in Fig. 6(a) , at 30 mins intervals. Statistics of Fig. 6(b) shows a maximum deviation of 13.8%, and an rms fluctuation of 4.4%. We still attribute this THG signal fluctuation to the laser power fluctuation, which is not a controllable parameter and may vary from time to time.
Conclusion and Discussion
D 2 O as an ideal immersion medium for high transmittance at the 1700-nm window, has been demonstrated to enhance multiphoton signals by an order of magnitude in MPM excited at this window. The only drawback of using D 2 O is that it absorbs water vapor from the ambient environment, which leads to deterioration of the transmittance performance and decrease in multiphoton signal as time lapses. In this paper, utilizing the relatively lower density (compared with D 2 O) and superb hydrophobic properties of paraffin liquid, we demonstrate a simple and effective technique to seal D 2 O, by adding paraffin liquid to the top of D 2 O. The effectiveness is proved by time-lapse multimodal MPM over a long time span (5 h), typical for in vivo deep-tissue imaging such as the mouse brain. Quantitative results show that MPM signals when D 2 O is sealed can be maintained for at least 5 h. This is dramatic improvement compared with the case when D 2 O is not sealed and exposed to the ambient environment (3-photon signals decay by half after ∼35 min). In vivo mouse brain imaging further justifies the applicability of this technique to long-span brain imaging.
Despite the simplicity and effectiveness of our technique, we do want to add one caveat: In our MPM experiment, the microscope is upright, which is suitable for imaging biological tissues facing upward such as the brain. For inverted microscopes which are suitable for imaging tissues facing downward, such as liver in the exposed abdomen, this technique will not be feasible as the density of paraffin is smaller than that of D 2 O. Even if the density were smaller, it would drip down the objective lens. In this case, we suggest wrapping the objective lens and the cover glass to isolate D 2 O from the environment.
